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that	 reciprocal	 feedback	between	vole	grazing	pressure	and	the	 induction	of	anti-	
herbivore	silicon	defenses	 in	grasses	drives	observed	population	cycles	 in	a	 large-	










reproduction	 the	 following	 year.	 These	 findings	 show	 that	 grazing	 by	 field	 voles	 
does	induce	increased	silicon	defenses	in	grasses	at	a	landscape	scale.	However,	at	
the	 vole	 densities	 encountered,	 levels	 of	 plant	 damage	 appear	 to	 be	 below	 those	
needed	to	induce	changes	in	silicon	levels	large	and	persistent	enough	to	affect	vole	
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1  | INTRODUC TION
Delayed	 density-	dependence	 drives	 multiannual	 cyclic	 fluctua-
tions	in	abundance	of	many	herbivore	populations,	such	that	cur-
rent	population	densities	are	partly	 regulated	by	past	ones.	This	









subarctic	 systems,	where	plant	 regrowth	 after	 herbivory	 is	 slow	




the	 delayed	density	 dependence	of	 cyclic	 herbivore	 populations	




2005;	 Turchin,	 2003;	 Underwood,	 1999)	 or	 based	 on	 labora-
tory	 experiments	 or	 field	 enclosures	 (Huitu,	 Koivula,	 Korpimäki,	
Klemola,	&	Norrdahl,	2003;	Huitu	et	al.,	 2014;	Klemola,	Koivula,	
Korpimaki,	&	Norrdahl,	2000;	Reynolds	et	al.,	2012).
The	 population	 dynamics	 of	 most	 grass-	feeding	 vole	 species,	
in	 particular	 those	 of	 the	 genus	Microtus,	 are	 driven	 by	 delayed	
density-	dependent	 processes	 (e.g.,	 Bjørnstad,	 Falck,	 &	 Stenseth,	
1995).	 Demographically,	 this	 can	 be	 mediated	 by	 variation	 in	 the	
timing	 of	 onset	 of	 their	 spring	 reproduction,	 which	 is	 delayed	 by	
high	population	densities	in	the	previous	year	(Ergon,	Ergon,	Begon,	
Telfer,	&	Lambin,	2011;	Pinot	et	al.,	2016).	Theoretical	studies	have	
suggested	 that	 such	 density-	dependent	 impacts	 on	 breeding	 sea-
son	 length	alone	have	 the	potential	 to	generate	population	cycles	
in	seasonal	environments	(Smith,	White,	Lambin,	Sherratt,	&	Begon,	
2006),	while	 in	 the	 field,	 voles	 transplanted	 at	 the	 start	 of	winter	
between	grassland	areas	differing	 in	 the	phase	of	 their	cycle	have	
been	 shown	 to	 take	 on	 the	 characteristics	 of	 vole	 populations	 in	









Grasses	 (Poaceae),	 the	 main	 food	 source	 for	 Microtus	 voles	
(Stenseth,	Hansson,	&	Myllymäki,	1977),	accumulate	silicon	in	their	
leaves	to	deter	herbivore	feeding	(Massey,	Ennos,	&	Hartley,	2006;	
Massey,	 Massey,	 Ennos,	 &	 Hartley,	 2009;	 Reynolds,	 Keeping,	 &	






et	al.,	 2008;	McNaughton,	 Tarrants,	 McNaughton,	 &	 Davis,	 1985;	





















in	 the	 field	 (but	 see	 Hartley	 &	 DeGabriel,	 2016),	 nor	 is	 it	 known	
whether	such	changes	are	of	sufficient	magnitude	and	duration	to	
affect	 vole	 demography,	 specifically	 the	 onset	 of	 reproduction	 in	












ulations,	often	over	 relatively	small	 time-	scales	 (Huitu,	Laaksonen,	
Norrdahl,	&	Korpimäki,	2005;	Huitu	et	al.,	2014;	Klemola,	Koivula,	
et	al.,	2000;	Soininen	et	al.,	2013).	Some	of	these	enclosure-	based	
approaches	 have	 revealed	 the	 effects	 of	 food	 availability	 or	 qual-
ity	 on	 key	 demographic	 parameters	 and/or	 demonstrated	 effects	
on	silicon	levels	in	plants,	but	the	most	ecologically	meaningful	test	
of	whether	silicon	induction	drives	population	cycles	is	to	manipu-
late	 vole	densities	 at	 the	 landscape	 scale	 and	observe	 the	effects	
on	 plant	 quality	 and	 vole	 demography	 in	 subsequent	 years.	 This	
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was	 attempted	 in	 a	 recent	 study	on	 root	 voles	 feeding	on	 sedges	
(Wieczorek,	Zub,	et	al.,	2015),	using	two	1-	ha	enclosures	to	confine	




fects	 between	 natural	 variation	 in	 density	 and	 other	 variables	 af-








1997;	 Nykanen	 &	 Koricheva	 2004),	 we	 predicted	 that	 (b)	 silicon	













flect	 differences	 in	 leaf	 silicon	 concentrations.	 From	 our	 previous	








Field	 vole	 populations	 at	 Kielder	 show	 cyclic	 dynamics	 with	 a	
3–4	year	 periodicity	 and	 population	 densities	 of	 20	 to	 765	 voles	
per	hectare	(Ergon	et	al.,	2011;	Lambin,	Petty,	&	MacKinnon,	2000).	
Populations	situated	close	together	fluctuate	in	synchrony,	but	cy-
cles	 can	be	asynchronous	at	 a	wider	 spatial	 scale	 (Lambin,	Elston,	
Petty,	&	Mackinnon,	1998).
2.2 | Experimental design







the	 original	 control	 site	 of	 pair	 3	 because,	 consistent	with	 earlier	




high	 vole	 population	 densities.	We	 established	 a	 replacement	 site	
about	1	km	away	and	commenced	collecting	plant	samples	in	June	
2010	and	trapping	to	estimate	vole	density	in	August	2010.	Because	
vole	 populations	 situated	 close	 together	 in	 Kielder	 Forest	 fluctu-
ate	 in	 synchrony	 (Lambin	 et	al.,	 1998),	we	 supplemented	 the	 vole	
density	estimates	for	this	new	control	site	with	a	density	estimate	
taken	at	 the	end	of	September	2010	on	a	D. caespitosa	dominated	











voles	 from	 all	 six	 sites.	 We	 then	 added	 “naïve,”	 non-	reproducing	
















marked	 trapped	 voles	with	 ear	 tags	 before	 releasing	 them	 at	 the	
point	of	capture.	The	trapping	grids	on	the	removal	sites	were	larger	
(0.93	±	0.09	ha;	~200	traps	at	7	m	 intervals,	with	 traps	 in	adjacent	
lines	staggered),	and	we	released	all	voles	caught	at	forest	clear-	cuts	
away	 from	 the	 experimental	 grids.	We	 trapped	 the	 removal	 sites,	
usually	for	four	consecutive	days	in	most	months	between	October	
2009	and	October	2010	(Supporting	Information	Table	S1)	to	insure	




























2.4 | Plant quality and vegetation measurements
In	November	2009,	the	vegetation	on	the	six	experimental	sites	was	
dominated	 by	 the	 grasses	D. caespitosa	 (35.6	±	6.0%),	Holcus lana-
tus	 (23.5	±	6.7%),	 Agrostis capillaris	 (8.4%	±	3.4)	 and	 Festuca ovina 
(3.3	±	2.1%).	The	rush	Juncus effusus	 (13.3	±	5.4%)	and	several	forb	
species	 (e.g.,	Epilobium spp., Digitalis purpurea,	Ranunculus acris	and	
Rumex acetosa,	all	<2%	cover)	were	also	present.	Because	D. caespi-
tosa	remains	green	throughout	the	year	(Davy,	1980),	whereas	leaves	
of	 other	 species	 quickly	 die	 back	 after	 prolonged	periods	 of	 frost	
and	snow	cover,	D. caespitosa	constitutes	the	most	important	over-	









between	 tussocks.	New	 tussocks	were	 selected	on	each	 sampling	


















































focused	on	 silicon	 concentrations	 in	D. caespitosa	 in	 February	 and	
March	 2011.	We	 performed	 LMM	 with	 “treatment”	 and	 “month”	








Third,	 we	 tested	whether	 vole	 density	manipulations	 affected	
leaf	carbon–nitrogen	ratios	(C:N)	using	a	LMM	with	“treatment”	as	
fixed	effect	 and	a	nested	 “pair/plot”	 random	structure.	We	added	
“month”	as	a	non-	nested	random	effect	as	visualization	of	real	C:N	
data	 revealed	 apparent	 similar	monthly	 variation	 across	 pairs	 and	
plots	 (see	Figure	1g–i).	As	we	had	no	a	priori	expectations	of	how	
nitrogen	might	respond	to	grazing,	and	how	this	might	be	influenced	
by	 season,	 analyses	 were	 performed	 separately	 for	 the	 induction 
(24/09/09–16/11/10)	 and	 response	 phase	 (14/01/11–26/06/11).	
Response	 variables	 were	 log-	transformed	 prior	 analyses	 in	 cases	
where	the	assumption	of	normality	of	residuals	was	not	met.











assumption	 their	performance	was	affected	by	 local	 grass	quality.	
We	excluded	all	females	from	our	analyses	that	had	seemingly	given	
birth	 in	 the	 previous	 year	 (semi-	open	 pubic	 symphysis),	 or	whose	
previous	breeding	history	we	were	unable	to	confidently	assess	so	
that	we	could	attribute	any	observed	effects	on	female	reproductive	







between	 control	 and	 removal	 sites.	We	 used	 a	 generalized	 linear	
mixed	 effects	model	with	 “treatment”	 as	 fixed	 effect	 and	 a	 “pair/
plot”	nested	random	structure.	We	did	not	model	the	probability	of	
being	reproductively	mature	between	March	and	June	2011	due	to	
some	 group	 variables	 (treatment*date)	 having	 only	 zeros	 or	 ones.	
The	effect	of	past	vole	density	manipulations	on	female	body	mass	
was	modeled	using	a	LMM	including	“treatment*month”	as	fixed	ef-








ture	 vole	 survival,	we	 estimated	 apparent	 survival	 (which	 reflects	
the	probability	of	surviving	and	remaining	on	the	trapping	grid)	and	
recapture	 probabilities	 during	 the	 response phase	 only	 (November	











constraining	 variation	 in	ɸ.	We	used	 conditional	AICc	 to	 compare	
the	goodness-	of-	fit	among	models.	Models	were	ranked	in	relation	
to	each	other	using	ΔAICc	values.	AICc	weights	were	calculated	to	
assess	 the	 relative	 likelihood	 of	 each	model	 considered	 (Cooch	&	
White,	2014).	In	our	candidate	model	set,	p	varied	with	sex,	pair,	and	

















4.1 | Vole population densities during the induction 
phase
Consistent	with	 3–4	year	 cycles	 in	 vole	 abundance,	mean	 popu-
lation	densities	on	the	control	sites	decreased	over	 the	summer/
autumn	of	2010,	from	124.0	 (±23.7	SE)	voles/ha	 in	April,	 to	80.3	
6  |     RUFFINO et al.




voles/ha	 from	the	 removal	 site	of	Pair	C	 (in	 four,	 three,	and	 four	
trapping	sessions,	respectively;	Supporting	Information	Table	S1).	
As	 expected,	 vole	 densities	 consistently	 recovered,	 at	 least	 par-
tially,	over	the	course	of	the	month	that	separated	pulsed	removals	
through	immigration	from	the	surroundings.	This	recovery	meant	







Mean	 leaf	 silicon	 concentrations	 of	 D. caespitosa	 ranged	 between	







mer	 and	 autumn	 (treatment*period:	 β	=	−0.04,	 SE	=	0.02,	 t	=	−2.00;	
Figure	1d–f).	With	every	increase	in	early-	season	grazing	pressure	by	





Carbon-	nitrogen	 (C:N)	 ratios	 in	 D. caespitosa	 leaves	 exhibited	
pronounced	seasonal	changes	(Figure	1g–i).	C:N	ratios	were	at	their	
lowest	during	the	time	of	new	leaf	emergence	in	late	spring,	but	then	
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4.3 | Vole population densities and performance 
during the response phase
As	is	typical	for	vole	populations	in	Kielder	Forest	during	the	trough	
of	their	cycle	(Lambin	et	al.,	1998),	population	densities	in	controls	
were	much	 lower	during	 the	 response	 phase	 (19–76	voles/ha)	 than	
the	induction	phase	(37–206	vole/ha)	(Figure	1a–c).	Changes	in	pop-
ulation	 densities	 appeared	 to	 follow	 a	 similar	 pattern	within	 pairs	
(Figure	1a–c).
Body	 mass	 in	 both	 sexes	 increased	 over	 the	 spring	 months	
of	 the	 response	phase	 (Figure	2)	 but	was	 unaffected	by	 the	past	




ulation	 growth	 rates	 did	 not	 significantly	 differ	 between	 remov-
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by	field	voles	in	a	natural	grassland	ecosystem	over	the	large	spatial	




the	 growth	 rates	 of	 female	 voles	 and	 delay	 the	 onset	 of	 their	 re-
production	in	the	spring,	thereby	providing	a	nutritional	explanation	
for	 the	 generation	 of	multiyear	 population	 cycles	 of	 field	 voles	 in	






the	 spring	 population	 growth	 rate,	 as	 expected	 given	 silicon	 lev-




that	 this	 delayed	 density	 dependence,	 and	 hence	 potentially	 vole	
population	 cycles,	 is	mediated	by	past	 grazing	pressure	 increasing	
concentrations	 of	 silicon	 defense	 and	 reducing	 subsequent	 vole	
reproduction	 (Reynolds	 et	al.,	 2012).	However	 our	 study	 suggests	
that,	 in	 the	 field,	 vole	 densities	may	be	 insufficient	 to	 exceed	 the	
leaf	damage	 thresholds	 required	 to	 induce	silicon	defenses	 to	suf-
ficient	levels	to	impact	on	vole	demography;	the	relatively	low	peak	

























Reynolds	 et	al.,	 2012),	 it	 is	 similar	 to	 concentrations	 measured	 in	
D. caespitosa	 in	another	large-	scale	field	study	in	northern	Norway	
(Soininen	 et	al.,	 2013).	 In	 High	 Arctic	 Norway,	 vole	 populations	
fluctuate	cyclically,	but	at	much	 lower	densities	 relative	to	Kielder	
Forest.	In	fact,	vole	densities	on	the	control	sites	during	the	 induc-
tion phase	 of	 this	 experiment	were	 substantially	 lower	 than	 those	
typically	 seen,	 until	 recently,	 during	 cyclic	 peaks	 in	Kielder	Forest	





erated	high	amplitude	cycles.	 If	 this	 conjecture	was	 true,	 it	would	
make	experimental	 testing	of	 the	causes	of	vole	population	cycles	
very	challenging	 (Lambin,	Krebs,	Moss,	Stenseth,	&	Yoccoz,	1999).	




work	also	demonstrated	that	 if	only	5%	of	 foliage	 is	 removed,	sili-
con	induction	is	only	of	the	order	of	around	20%	and	is	short-	lived	
(2–3	months),	 exactly	 what	we	 found	 in	 our	 field	 study,	 that	 is,	 a	






















high	 population	 densities	 because	 other,	 nonplant	 based	 mecha-
nisms	 exist	 by	which	 high	 previous	 densities	 affect	 current	 popu-
lations,	 such	 as	 pathogen	 infection,	 intraspecific	 competition,	 and	
predation.	However,	contrary	to	our	predictions,	there	were	no	de-
tectable	effects	of	reducing	vole	densities	on	subsequent	vole	mass	
and	 the	 timing	of	onset	of	 spring	breeding,	possibly	 reflecting	 the	
declining	populations	of	voles	in	Kielder	Forest	during	our	study	as	
well	 as	 the	dampening	of	 cycles	observed	Europe-	wide	 (Cornulier	
et	al.,	2013),	which	 led	 to	both	our	control	 and	 removal	 sites	hav-
ing	relatively	low	densities.	The	observed	dynamics	might	therefore	
reflect	 the	 resonating	 impact	 of	 processes	 no	 longer	 operating	 at	
















for	our	hypothesis	 that	silicon	defenses	 in	grasses	drive	 the	nega-
tive	delayed	density	dependence	of	field	vole	populations	in	Kielder	
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